Well log responses can be used to delineate coal and carbonaceous shale from other non-potential litho-units by cross-plotting technique. The cross-plotting between gamma ray and density had been carried out for 15 wells of Jharia coalfield, India. Through these different cross-plots across the study area, different litho-units like; coal, shaly coal, carbonaceous shale, shale, sand/sandstone, shaly sand, jhama and igneous intrusion (mica peridotite) have been identified. Clustering of points for different lithologies in the above cross-plots indicate that the different trends with marginal overlap between carbonaceous shale/shaly coal and shale as well as shaly sand and shale. The coal horizons are mostly overlain and underlain by shale or sandstone. Cross-plot analysis indicates the various coal lithologies which will play important role in CBM exploration and exploitation strategy.
Introduction
Well log responses can be used to delineate coal and carbonaceous shale from other non-potential litho-units by cross-plotting technique. Identification of lithologies above and below coal seams is important to know the variation in permeability, velocity and elastic properties of rocks immediately overlying and underlying CBM reservoir for identification of the best targets for CBM exploration and production [1] [2] [3] [4] [5] .
Cross-plotting or statistical techniques enable evaluation of lithology and pore fluid variations on both regional and detailed reservoir scale [6, 7] . Anderson and Gray [8] as well as Gray and Andersen [9] had demonstrated that many different lithologies like coal, shale, sandstone, gas saturated sands and carbonates can be identified by cross-plots of λρ versus µρ (where λ is elastic parameter, µ is rigidity modulus and ρ is density).
The elastic properties, suh as velocity, density and impedance are of critical importance in characterization of CBM reservoir unconventional gas play [10, 11] . The main objective of this paper are to identify of litho-units of coal bearing formation by cross-plotting technique between physical properties of formation such as: gamma ray versus density, gamma ray versus resistivity, gamma ray versus P-wave velocity and gamma ray versus Pwave acoustic impedance and to identify and classify major coal seams with the help of available well logs, litho-logs and coal core samples.
Study Area
Present study area, consisting of Singra, Kapuria, Barki and Jarma blocks is located in the south-central part of Jharia coalfield (Figure 1) . Table 1 is showing generalised stratigraphic sequence of Jharia coalfield, India [12] . Available well logs, litho-logs and core samples of total 15 exploratory wells have been considered for present study. Figure 1 displays locations of 15 exploratory wells in the study area.
Out of the 15 exploratory wells, wells S1, S5, S8, S10 and S14 are located in Singra block; wells K1, K4, K8, K10 and J2 are located in Kapuria block; wells J1, J3 and J4 are located in Barki block and wells M1 and M2 are located in Jarma block (Extension of Moonidih block) of Jharia coalfield (Figure 1) . [13] . In coal beds identification, the special acoustic properties of the coal formation, e.g., low velocity and low density, cause large impedance contrasts between coal seams and inter-seam sediments and is to be reflected in the gamma ray versus impedance cross-plots. Neutron logs are not useful for identification of waterfilled plies of coal seams. More information can be obtained by comparing two logs than by using each log independently, so cross-plotting technique are used to quantitatively compare different logs of a given stratum.
Gamma ray, resistivity, density, sonic and neutron log data were available only for five wells (J1, J3 and J4). The most common logs like gamma ray, density and caliper log data were available for 15 wells (S1, S5, S8, S10, S14, K1, K4, K8, K1, J1, J2, J3, J4, M1 and M2).
The physical parameters like density, resistivity, Pwave velocity, P-wave impedance and neutron porosity have been plotted with gamma ray to identify different litho-units like coal, shaly coal, shaly sand and sand for the three wells, namely: J1, J3 and J4. The cross-plotting between gamma ray and density had been carried out for 15 wells. Through these different cross-plots across the study area, different litho-units like: coal, shaly coal, carbonaceous shale, shale, sand/sandstone, shaly sand, jhama and igneous intrusion (mica peridotite) have been identified. Table 2 indicates the range of values of physical parameters for each litho-unit estimated from well logs of 15 exploratory wells in Jharia coalfield.
Cross-Plot Analysis
Results of different cross-plot analysis have been discussed for 10 wells, such as: J1, J2, J3, J4, S1, S10, S14, K4, K10 and M1. The physical parameters like density, resistivity, P-wave velocity and P-wave impedance have been plotted with gamma ray for well J1 for a selected depth interval of 249.92 m to 1052.62 m (Figure 2 ). The clustering of points could discriminate coal and mixed litho-units like coal and shaly coal as well as shaly sand from the gamma ray versus density, gamma ray versus resistivity, gamma ray versus P-wave velocity and gamma ray versus P-wave impedance cross-plots. Coal in this horizon in well J1 is characterized by low gamma ray value (less than 40 cps), density ranging from 1.28 gm/cc to 1.55 gm/cc, resistivity ranging from 800 ohm-m to 2800 ohm-m, P-wave velocity ranging from 2400 m/sec to 3000 m/sec and P-wave impedance ranging from 3500 gm/cc*m/sec to 4500 gm/cc*m/sec. Shaly coal is characterized by density 1.6 gm/cc to 1.8 gm/cc with resistivity 300 ohm-m to 700 ohm-m, velocity 3500 m/sec to 4000 m/sec and impedance 6000 gm/cc*m/sec to 8000 gm/cc*m/sec. Shaly sand is distinguishable by lowering of resistivity value about 80 ohm-m to 100 ohm-m, gamma ray of 50 cps, P-wave velocity of 4000 m/sec to 5000 m/sec and P-wave impedance of 7800 gm/cc*m/sec to 8000 gm/cc*m/sec.
The analysis of cross-plots between gamma ray versus density, gamma ray versus resistivity, gamma ray versus P-wave velocity, gamma ray versus P-wave impedance and gamma ray versus neutron porosity for depth interval of 249.95 to 1344.45 m for well J3 and similar crossplots for depth intervals of 249.94 to 1372.24 m in well J4 manifests the lithology like coal, shaly coal, shaly sandstone/shaly sand and sandstone/sand. Some coal seams are found to be heat affected. When igneous intrusive come into contact with a coal seam, coal is heated up and appeared as if baked or become low volatile coal. The completely baked devolatalised coal is called jhama. In these two wells (J3 and J4) jhama is found with coal.
The cross-plots between the gamma ray and density for wells J2, S1, S10, S14, K4, K10 and M1 have been . Density versus resistivity cross-plots are also shown for wells S1 and K4 in Figures 3(c) and 4(b) respectively. Resistivity versus gamma ray cross-plots for wells J1, J3, J4, S1 and K4 could not able to identify carbonaceous shale/ shale and shaly coal. It was difficult to identify coal and igneous intrusions from the resistivity versus gamma ray crossplots.
For most of these wells it was easy to identify the coal, shaly coal, carbonaceous shale, shale, shaly sand and sand from the density versus gamma ray cross-plots. The high density values ranging from 2.8 gm/cc to 3.2 gm/cc and gamma ray value ranging from 50 cps to 280 cps have been observed in these wells. This may be due to the igneous intrusions in this area.
The density, gamma ray and resistivity values in coal for these wells (J2, S1, S10, S14, K4, K10 and M1) varies from 1.28 gm/cc to 1.55 gm/cc, 20 cps to 50 cps and 500 ohm-m to 1200 ohm-m; in alternation of coal and shaly coal from 1.4 gm/cc to 2.0 gm/cc, 100 cps to 150 cps and 100 ohm-m to 500 ohm-m; in carbonaceous Though all the major and local coal seams of the study area are identified but for this present study only major/regionally persistent coal seams are considered. A total of 18 major coal seams, namely, seams A, B, C, D, E, F, G, H, I, J, K, L, M, N, O, P, Q and R are identified where seam A is the bottom most and seam R is the top most seam. The bottom most seam A is identified only in well S10 from well log analysis. Due to the presence of thin non-coal units/partings between seams E and F and seams F and G throughout the study area, the seams E, F and G are always marked as a single seam (E/F/G combined seam) for this study area. To show the major seams as identified from well logs, a selected depth interval from 140.98 m to 849.78 m for well K4 and from 519.97 m
Identification of Coal Seams from Well Logs
All the coal seams of 15 exploratory wells, namely, S1, S5, S8, S10, S14, K1, K4, K8, K1, J1, J2, J3, J4, M1 and M2 have been identified from combined signatures of available gamma ray, resistivity and density logs against coal and non-coal litho-units whereas coal seams in well J5 are marked with the help of available litho-log.
to 1220.77 m for well S10 is chosen out of the 15 wells. Figure 5 displays the signature of gamma ray, short normal resistivity and caliper corrected density log with identified major coal seams for wells K4 and Figure 6 displays the signature of gamma ray and caliper corrected density log for well S10.
The classification/nomenclature of identified coal seams have been carried out with the help of available litho-log data which were prepared considering the following factors: a) thickness of coal and non-coal lithounits; b) litho-units occurring at the roof and floor of the coal seams with trend of litho-facies variation etc. It is to be mentioned here that for nomenclature of coal seams, available litho-logs played the most important role. No. = Number; T = Thickness; WL = Well Log; LL = Litho Log; UI = Unable to Identify from WL but seam is identified from LL; NA = Not Available; * = coal seam identified with the help of available coal core samples and LL data. No. = Number; T = Thickness; CC = Coal Core; WL = Well Log; LL = Litho Log; NA = Not Available; Fault = Fault marked in LL; * = coal seam identified with the help of available CC samples and LL data.
Conclusion
The cross-plots such as gamma ray versus density, gamma ray versus P-wave velocity and gamma ray versus P-wave impedance show intersecting linear trends of coal and non-coal lithologies. Coal and sand litho-units are in two straight lines merging against shale. Clustering of points for different lithologies in the above cross-plots indicate that the different trends with marginal overlap between carbonaceous shale/shaly coal and shale as well as shaly sand and shale. These cross-plots clearly demonstrate that position of shale or sand on the cross-plot depends on sand: shale ratio of the given litho-unit. Hence sand-shale lithologies show distinctly different trend with respect to carbonaceous lithology. Gamma ray versus density cross-plots identifies coal, shaly coal, carbonaceous shale, sand, shay sand and shale. It may be further noticed that coal, shaly coal/shale and sands are very well identified in gamma ray versus P-wave velocity cross-plot. The combination of density and P-wave velocity in gamma ray versus P-wave impedance cross-plots have been utilized for delineating coal and non-coal lithology. Pwave impedance for coal varies from 3000 gm/cc*m/sec to 4500 gm/cc*m/sec whereas P-wave impedance for sand varies from 9000 gm/cc*m/sec to 12000 gm/cc*m/ sec. Gamma ray versus neutron porosity cross-plots in wells J3 and J4 identify sand and coal clearly because neutron porosity response against coal is more due to maximum hydrogen richness index in coal and comparatively less hydrogen richness index in sand. The coal horizons are mostly overlain and underlain by shale or sandstone. Cross-plot analysis indicates the various coal lithologies which will play important role in CBM exploration and exploitation strategy.
